Abstract Metastatic spinal cancer is characterized by the maintenance of normal disc structure until the vertebral body is severely destroyed by cancer cells. Anatomic features of the discs have been thought to be the main factor which confer the discs their resistance to metastatic cancer. However, little is known about the biochemical mechanism to prevent or attenuate the local infiltration of cancer cells into the discs. The purpose of this study was to investigate whether Fas ligand (FasL) produced by disc cells can kill Fas-bearing breast cancer cells by Fas and FasL interaction. Two human breast cancer cells (MCF-7 and MDA-MB-231) were obtained and cultured (1 · 10 6 cells/well), and the expression of Fas was investigated by western blot analysis. Annulus fibrosus cells were isolated and cultured, and the presence of FasL was quantified in the supernatants of three different numbers of annulus fibrosus cells (1·, 2·, and 4 · 10 6 cells/well) by ELISA assay. The MCF-7 and MDA-MB-231 cancer cells were cultured with supernatants of annulus fibrosus cells for 48 h. As controls, MCF-7 and MDA-MB-231 cancer cells were also cultured by themselves for 48 h. Finally, we determined and quantified the apoptosis rates of MCF-7 and MDA-MB-231 cancer cells by Annexin V-FITC and PI and TUNEL at 48 h, respectively. The expression of Fas was identified in MCF-7 and MDA-MB-231 cancer cells. The mean concentrations of FasL in supernatants of annulus fibrosus cells (1·, 2·, and 4 · 10 6 cells/well) were 10.8, 29.6, and 56.4 pg/mL, respectively. After treatment with the supernatant of three different numbers of annulus fibrosus cells, the mean apoptosis rate of MCF-7 cancer cells was increased (2.8%, P < 0.01; 6.7%, P < 0.001; 31.0%, P < 0.001) in a dose-dependent manner of FasL compared to that of control (1.1%). The mean apoptosis rate of MDA-MB-231 cancer cells was also increased (5.7%, P < 0.01; 11.1%, P < 0.001; 25.3%, P < 0.001) in a dosedependent manner of FasL compared to that of control (2.1%). TUNEL also demonstrated direct evidence of apoptoses of MCF-7 and MDA-MB-231 cancer cells. Our results demonstrate that Fas-bearing cancer cells undergo apoptosis by FasL produced by disc cells, which may be considered as a potential biochemical explanation for the disc's resistance to metastatic cancer.
Introduction
Despite the frequency of vertebral metastases, the intervertebral disc is usually spared and preserves its normal structure even after extensive collapse of the vertebral body by neoplastic tissue [1, 4, 10, 13] . A number of possible explanations for the disc's resistance to metastatic cancer have been proposed [2, 3, 32] . The most common one is that the disc is avascular, limiting its exposure to metastatic cells. However, it is well known that with aging process, neovascularization of the annulus fibrosus gradually occurs [12, 21, 30] . Although this might serve as hematogenous route for metastatic cancer cells that reach the intervertebral discs through systemic circulation, the intervertebral discs of older patients are still resistant to metastatic cancer. Another explanation is that the abundant collagen content and high intradiscal pressure of the discs act as mechanical barriers against tumor invasion. However, metastatic cancer cells secrete matrix metalloproteinases, such as collagenase, that can destroy extracellular matrix components of the discs during metastasis or progression [5, 11, 17, 23] . Therefore, these findings suggest that there may be a mechanism other than the disc's anatomic characteristics that confer its resistance to metastases.
When Fas ligand (FasL), a protein belonging to the tumor necrosis factor family, binds to the Fas receptor, the cells die within hours [22, 24, 27] . While the Fas receptor is expressed in a wide variety of cells, FasL expression is tightly restricted to activated T cells, natural killer cells, and stromal cells of certain immune-privileged sites such as the eye, testis, and brain [7, 8] . The interaction between Fas receptor and FasL plays a major role in the regulation of immune responses. In general, FasL expressed by immune cells binds to Fas receptor on the surface of target cells and induces apoptosis of the target cells by activation of downstream caspases. However, in immune-privileged sites, the immune cells become the target of destruction. In these organs, the stromal cells express FasL, which binds to Fas receptor on the surface of immune cells that are infiltrating into the organs. This induces apoptosis of the infiltrating immune cells, so as to maintain the organ's immuneprivileged status.
It has been reported that the intervertebral disc cells including nucleus pulposus and annulus fibrosus cells express FasL, which is a prerequisite of immune-privileged site [19, 25] . In addition, Nishida et al. [18] have demonstrated long-term expression of adenovirus-mediated transgene by disc cells. One possible explanation for such long-term expression is that the FasL produced by disc cells prevents infiltration by Fas-bearing activated T cells or natural killer cells that would normally destroy such cells. A similar mechanism may explain how the intervertebral discs resist infiltration by metastatic tumor cells that bear Fas receptors on their membranes. To date, however, no study has directly demonstrated apoptosis of either immune or cancer cells by FasL-expressing disc cells. We therefore performed the current study to investigate the hypothesis that FasL-expressing disc cells can kill Fas-bearing malignant tumor cells by Fas and FasL interaction.
Materials and methods

Cell culture
Five lumbar intervertebral discs (L1-L6) were harvested from two male Sprague Dawley rats (age 4 weeks) immediately after killing. We carefully dissected the discs under the microscope to obtain annulus fibrosus tissue and cultured them for 12 h. To isolate the cells, annulus fibrosus tissues were digested for 4 h, filtered, and washed. After three-passage, the cells were trypsinized, and subcultured into six-well plates at 1 · 10 6 cells/well. Two breast cancer cell lines (MCF-7 and MDA-MB-231) were purchased and cultured. After three-passage, the cells were trypsinized and subcultured into six-well plates at 1 · 10 6 cells/well.
Expression of Fas in two breast cancer cells
Expression of Fas was determined in lysates of MCF-7 and MDA-MB-231 breast cancer cells (1 · 10 6 cells/well) by western blot analysis according to the manufacturer's instructions. Primary antibody for Fas was purchased from Santa Cruz Biotechnology (Santa Cruz, California). bActin was used as an internal control for protein loading. Rat thymus was used as positive control for Fas.
Presence of FasL in supernatant of annulus fibrosus cells
The presence of FasL in the supernatant of three different numbers of cultured annulus fibrosus cells (1·, 2·, and 4 · 10 6 cells/well) was determined and quantified by enzyme-linked immunosorbent assay (ELISA) kit with antibody that recognize rat FasL (R and D Systems, Minneapolis, MN) according to the manufacturer's instructions. For calibration, we used natural rat FasL provided by the supplier to construct a standard curve and to obtain absolute values. The concentration of FasL was measured three times in each sample, and the average of the three measurements was considered to be the final concentration.
Apoptosis of MCF-7 and MDA-MB-231 breast cancer cells MCF-7 and MDA-MB-231 breast cancer cells were subcultured into six-well plates at 1 · 10 6 cells/well and treated with 300 ll supernatants that were obtained from three different numbers of cultured annulus fibrosus cells (1·, 2·, and 4 · 10 6 cells/well) for 48 h, respectively. Apoptosis rates of three different concentrations of FasL groups in two breast cancer cells were quantified by staining cells with both Annexin V-FITC (PharMingen, San Diego, CA) and propidium iodide (PI; PharMingen, San Diego, CA) following the manufacturer's instructions, and then analyzed with FACScan flow cytometry (Becton Dickinson, San Jose, CA) at 48 h. The apoptosis rates of the breast cancer cell lines that were cultured for 48 h by themselves were used as controls. All experiments were performed three times for each sample, and the average of the three measurements was considered to be the final apoptosis rate.
Direct evidence of in situ apoptosis of two breast cancer cells was determined by staining the cells with 15 ll APOPercentage dye incubated for 30 min. After syringing off the culture medium and dye mixture the cells were gently washed twice with 500 ll/well PBS, and were transferred to an inverted microscope and photographs were obtained. Two breast cancer cell lines that were cultured for 48 h by themselves were used as controls.
Statistical analysis
Statistical analysis was determined by the paired samples t test. Asterisk (*** P < 0.001, **P < 0.01, *P < 0.05) was considered to be statistically significant.
Results
Expression of Fas in MCF-7 and MDA-MB-231 breast cancer cells
Western blot analysis clearly demonstrated the expression of Fas in the lysates of MCF-7 and MDA-MB-231 breast cancer cells (Fig. 1) .
Concentration of FasL in supernatants of annulus fibrosus cells
The mean concentrations of FasL in supernatant of annulus fibrosus cells were 10.8 ± 2.0 pg/mL (1 · 10 6 cells/well), 29.6 ± 4.5 pg/mL (2 · 10 6 cells/well), and 56.4 ± 7.2 pg/ mL (4 · 10 6 cells/well) (mean ± SD).
Apoptosis of MCF-7 breast cancer cells
The mean percentage of apoptotic cell death in MCF-7 cancer cells treated with supernatant of annulus fibrosus cells containing three different concentrations of FasL was significantly increased (2.8 ± 0.9%, P < 0.01; 6.4 ± 2.1%, P < 0.001; 31.0 ± 5.3%; P < 0.001) compared with control (1.1 ± 0.4%) in a dose-dependent manner (Fig. 2a) . TUNEL also clearly demonstrated significantly increased apoptotic cell death of MCF-7 cancer cells treated with the supernatant of annulus fibrosus cells containing three different concentrations of FasL (Fig. 2b) , respectively.
Apoptosis of MDA-MB-231 breast cancer cells
The mean percentage of apoptotic cell death in MDA-MB-231 cancer cells treated with the supernatant of annulus fibrosus cells containing three different concentrations of FasL was significantly increased (5.7 ± 1.7%, P < 0.01; 11.1 ± 3.6%, P < 0.001; 25.3 ± 6.2%, P < 0.001) compared with control (2.1 ± 0.6%) in a dose-dependent manner (Fig. 3a) . TUNEL also clearly demonstrated significantly increased apoptotic cell death of MDA-MB-231 cancer cells treated with the supernatant of annulus fibrosus cells containing three different concentrations of FasL (Fig. 3b) , respectively.
Discussion
Many cancers have been found to exhibit de novo expression of FasL, which plays an important role in local tissue destruction, metastatic spread, and immune escape of cancer cells [15, 20, 31] . The expression of FasL by cancer cells enables them to kill Fas-bearing immune cells and stromal cell of the target organs or tissues. Therefore, FasL expression by cancer cells has been thought to facilitate the establishment of cancer metastasis in organs, such as liver, lung, colon, and breast. However, in the spine the normal anatomic structure of the intervertebral disc is often preserved even in the face of severe vertebral body destruction by cancer cells. The intervertebral disc is separated from vertebral body by cartilaginous endplates. The tissue constituting the cartilaginous endplates contains protease inhibitors and other substances that inhibit tumor vascularization [14] . Moreover, with aging process, the cartilaginous endplates become sclerotic, calcific, and bony plates that can inhibit vascular invasion of the cancer cells and diffusion of nutrients into the discs [9, 29] . On the contrary, with increasing age, neovascularization of the annulus fibrosus increases and may enhance hematogenous invasion of the metastatic cancer cells, which reach the intervertebral discs via systemic circulation, into the discs [12, 21, 30] . However, Fujita et al. [6] reported that although many metastatic cancer cells are frequently found at the outer portion of the annulus fibrosus, none of them could infiltrate into the inner portion of the annulus fibrosus. On the basis of what is known about the characteristics of metastatic spinal tumors and Fas and FasL interaction, we hypothesized that FasL-expressing intervertebral disc cells kill Fas-bearing cancer cells infiltrating into the discs to maintain the normal intervertebral disc structure.
In the current study, we found a significantly increased apoptosis of Fas-bearing cancer cells by the supernatant of annulus fibrosus cells containing FasL in a dose-dependent manner. These findings suggest that local expression of FasL by the intervertebral disc cells may function as a biochemical mechanism, which contributes to the resistance of the disc to local invasion by cancer cells. It is well known that the human FasL is known to be highly homologous to that of mouse and rat, demonstrating crossreactivity with cell-surface Fas from either species [16, 26, 28] . The amino acid sequences of human, mouse, and rat FasL are highly similar and no species-specificity is observed among human, mouse, and rat FasL. Therefore, both human or rat FasL can induce apoptosis in the cells expressing either human Fas or rat Fas. In the current study, we used FasL of rat annulus fibrosus cells to induce apoptosis of Fas-positive human breast cancer cells. The results of our study were in accordance with those of previous studies that demonstrated no species-specificity of Fas and FasL interaction [16, 26, 28] . Asterisk (***P < 0.001, **P < 0.01) was considered to be statistically significant
We cannot be positive that it was just the FasL in the supernatant that increased the apoptosis of malignant tumor cells. It is possible that there could be another biochemical compound that disc cells release into the supernatant and increase apoptosis of cancer cells. While there may be some unknown substance, it is known that FasL is sufficient to induce apoptosis of Fas-positive cancer cells.
In the current study, while FasL of annulus fibrosus cells induced apoptotic cell death of Fas-positive cancer cells, the range of percentage of cancer cells undergoing apoptosis was very wide (3-31%) depending on the concentration of FasL produced by different numbers of annulus fibrosus cells. However, we do not know how many metastatic cancer cells and disc cells might encounter at the outer surface of the intervertebral disc during the metastasis at any given time in vivo situation. Further, we are uncertain which dosage of FasL that we used is similar to what is present in the normal disc tissue.
In conclusion, our results demonstrate that Fas-bearing cancer cells undergo apoptotic cell death by FasL produced by disc cells, which may be considered as a potential biochemical explanation for the disc's resistance to metastatic cancer. We believe that it works in conjunction with anatomic factors to confer the intervertebral disc its resistance to local invasion by cancer cells. We are currently investigating whether such interactions also occur in other types of tumors that commonly metastasize to the spine. Further research in the interaction between Fas and FasL may yield novel treatment for limiting spinal metastatic disease. . Asterisk (*** P < 0.001, **P < 0.01) was considered to be statistically significant
